Genetic characterization of the wb* gene in a series of Escherichia coli and Klebsiella strains possessing the mannose homopolymer as the O-specific polysaccharide was carried out. The partial nucleotide sequences and PCR-restriction fragment length polymorphism analysis suggested that E. coli serotype O9a, a subtype of E. coli O9, might have been generated by the insertion of the Klebsiella O3 wb* gene into a certain E. coli strain.
O-antigen polysaccharide is the polysaccharide moiety of lipopolysaccharide, which is the major component of the outer membrane in gram-negative bacteria, and the O-specific polysaccharide is directed by the wb* gene cluster (previously referred to as rfb). Escherichia coli serotypes O8 and O9 have structurally the same O-specific mannose homopolysaccharide as Klebsiella serotypes O5 and O3, respectively (Table 1) (3, 9) . It has been reported that there is no open reading frame between the wb* and his genes in E. coli O9 strain F719, suggesting the characteristic wc*-gnd-wb*-his gene organization (4, 5) . In the wb* gene cluster, the region specific for each serotype seems to be flanked by two regions common to all four serotypes. One is the manC-manB region (12) , and the other is the wbdC region (5, 12) . Moreover, we have reported that all E. coli and Klebsiella strains possessing the mannose homopolymer may have the characteristic wc*-gnd-wb*-his gene organization (13) . Thus, there might be a close evolutionary relationship among the wb* gene clusters in a series of strains possessing the O-specific mannose homopolymer. Recently, we have developed a monoclonal antibody that serologically discriminates E. coli O9a, a subtype of E. coli O9, from E. coli O9, and we found that a number of E. coli O9a strains had been classified as the E. coli O9 serotype (6) . In fact, E. coli O9 and E. coli O9a are structurally and serologically similar to each other (Table 1) . Further, an anti-E. coli O9a monoclonal antibody cross-reacts with Klebsiella O3 polysaccharides, suggesting the presence of E. coli O9a type O polysaccharides in Klebsiella O3 strains (6) . It is of particular interest to clarify the evolutionary relationship between the E. coli O9a and O9 serotypes. In this study, we determined the nucleotide sequences of the wbdC, manC, manB, wzm, and wzt genes in a series of E. coli and Klebsiella strains possessing the O-specific mannose homopolymer, and we further analyzed the homology of the region between manB and wbdC with PCR-restriction fragment length polymorphism (RFLP). Here we describe the peculiar evolution of E. coli O9a.
PCR amplification of the wb* gene cluster. Bacterial strains used in this paper are listed in Table 2 , footnote a. The O serotype of E. coli O9a strains was classified serologically with an anti-E. coli O9a monoclonal antibody (6) . Bacterial cells were cultivated in L broth at 37°C with vigorous shaking. Chromosomal DNA was extracted as described by Jackson et al. (2) . PCR amplification was carried out by using a mixture of 10 ng of chromosomal DNA or 2 l of bacteria cultured overnight and subsequently heated at 98°C for 2 min as a template with 10 pmol of each oligonucleotide primer for wbdC and the manC-wzm region and with 20 pmol for the manB-wbdC region. The wbdC gene and the manC-wzm region were amplified with 30 cycles, each consisting of (i) a denaturation step of 20 s at 98°C and (ii) an annealing and a polymerization step of 5 min for the manC-wzm region and 2 min for the wbdC gene at 68°C. DNA polymerase, TaKaRa ex Taq, was purchased from Takara Shuzo Co., Ltd., Tokyo, Japan. To amplify the manB-wbdC region, which is about 10 kbp, an LA PCR Kit, version 2, from Takara was used according to the procedure provided by the manufacturer. Oligonucleotide primers for amplification were designed on the basis of the DNA sequence of the E. coli F719 serotype O9a wb* (DDBJ accession no. D43637) as follows: for the manC-wzm region, LrfbM-1 (5Ј-TACCGGCAGTCGTCTCTGGCCGATGT-3Ј) and LwzmO9a-1 (5Ј-AGCCCCCAGGTTAACACCCCGGAA C-3Ј); for wbdC, TLmtfC-1 (5Ј-GCCGATGTTTTTACTTTT AGCCGGACA-3Ј) and LmtfC-2 (5Ј-GGTAGCAGCTCTCA GGATTTGCTTTCCAGC-3Ј); and for the manB-wbdC region, LrfbKR-1 (5Ј-GCTCTGGACTCAACGTTCAGACG CACCA-3Ј) and LmtfC-2 (5Ј-GGTAGCATCTCTCAGGATT TGCTTTCCAGC-3Ј). The locations of these primers around the wb* gene locus are shown in Fig. 1 . The nomenclature for O-polysaccharide synthesis genes used in this paper follows the recent review of Reeves et al. (10) .
In order to determine the nucleotide sequences of the manC-wzt region and the wbdC gene, the PCR products shown in Fig. 1 were sequenced directly by thermocycle sequencing reactions based on the dideoxy chain termination method (11) , which were run in a Perkin-Elmer Cetus DNA thermal cycler by a procedure recommended by Applied Biosystems, Inc., Foster City, Calif. Both strands were completely sequenced by use of PCR primers and additional internal oligonucleotides. The 3Ј end of wbdC and its flanking region in E. coli H509d, Klebsiella sp. strain K25SY, and Klebsiella sp. strain K51S1 were sequenced as previously described (13), and the sequences of the region in other strains have been reported previously (13) . A part of the sequence of the E. coli F492 serotype O8 wb* gene cluster, determined with plasmid pTSO8 subcloned from clone 31 (8, 14) , was used in this study. Those nucleotide sequences were assembled, edited, and analyzed by using the SDC-GENETYX system (Software Development, Tokyo, Japan) and MEGA (7) .
Nucleotide sequences of wbdC genes of E. coli O8, O9, and O9a and Klebsiella O3 and O5 serotype strains. Based on the complete nucleotide sequences of wbdC genes from 17 strains in this study and E. coli F719 (5), the mean frequencies of the differences in nucleotide sequence within and between serotypes are shown in Table 2 . The differences in wbdC nucleotide sequence between E. coli O8 and O9 and between Klebsiella O3 and O5 were very low (0.88 and 1.50%, respectively), and the values were almost the same as those within the same serotype strains (0 to 2.19%). On the other hand, the differences between E. coli (with the exception of O9a) and Klebsiella were higher than 8.5%. Incidentally, the differences between E. coli O9a and the other serotypes were 4.29 to 5.68% and showed intermediate values.
As shown in Fig. 1 , the alignment analysis for the sequences of the wbdC genes of 18 strains demonstrated that the 5Ј region of wbdC in E. coli O9a strains was very close to those of Klebsiella strains. In contrast, the 3Ј region in E. coli O9a strains was very similar to those of other E. coli strains, compared with Klebsiella strains. Therefore, the wbdC gene in E. coli O9a was suggested to be a hybrid gene between wbdC of E. coli and wbdC of Klebsiella. Further, phylogenetic trees based on the neighbor-joining (NJ) method were constructed from the aligned sequences of the two regions ( Fig. 2a and b) . In the NJ tree constructed with the 5Ј half of wbdC, a genetic cluster of E. coli O9a strains was classified on the same branch as Klebsiella strains (Fig. 2a) . In the tree constructed with the 3Ј half of wbdC, a genetic cluster of E. coli O9a strains was classified on the same branch as E. coli strains (Fig. 2b) . Phylogenetic analysis also suggested that the 5Ј half of wbdC in E. coli O9a was derived from Klebsiella and its 3Ј half was derived from E. coli. Nucleotide sequence of the manC-wzt region in E. coli O8, O9, and O9a and Klebsiella O3 strains. Based on nucleotide sequence analysis of wbdC genes, the possibility was raised that the wb* gene of E. coli O9a, a subtype of the E. coli O9 serotype, might have evolved from the recombination of a certain wb* of Klebsiella O3 into an ancestral wbdC gene of an E. coli strain, but not directly from E. coli O9. Therefore, the nucleotide sequences of the region from the 56th nucleotide of manC to the 3Ј end of wzt in E. coli F492 serotype O8, E. coli N24c and F719 serotype O9a, E. coli Bi316-42 serotype O9, and Klebsiella K49S and K53 serotype O3 were compared in order to examine the possibility of the insertion of the whole wb* of Klebsiella O3 into E. coli. Percent differences in nucleotide sequences of manC and manB among all strains tested were less than 8% (Table 3) . manCB sequences were not necessarily classified into the O serotypes of E. coli and Klebsiella strains. Next, we compared the nucleotide sequences of wzm and wzt genes to examine the insertion of a shorter wb* region of Klebsiella O3 containing wbdC ( Table 3 ). The differences of wzm and wzt genes between E. coli O8 and the other strains were higher than 35 and 43%, respectively, while those among E. coli O9, E. coli O9a, and Klebsiella O3 strains were less than 9% (Table 3 ). It is possible that wzm and wzt genes in E. coli O8 corresponded to the strain-specific region as described previously (12) . The differences in wzm sequence between E. coli O9 and O9a strains were 2.9 and 3.6%, and those between E. coli O9a and Klebsiella O3 were 4.9 to 5.7% (Table  3 ). However, it should be noted that differences in the wzt nucleotide sequence between E. coli O9a and Klebsiella O3 were very small (no more than 1.5%), although those between E. coli O9 and O9a were approximately 8% (Table 3 ). Percent differences among wzt genes in E. coli O9, E. coli O9a, and Klebsiella O3 strains were almost consistent with those among the 5Ј regions of their wbdC genes, suggesting that the wzt gene of E. coli O9a and the 5Ј half of wbdC were transferred from a Klebsiella O3 strain at the same time. This idea was supported by the phylogenetic analysis, which showed that E. coli O9a and Klebsiella O3 were classified on the same branch in the wzt tree (Fig. 2d) . Because of the difference in topology between the wzm and wzt trees ( Fig. 2c and d) , it was likely that the recombination event occurred around the connecting region between wzm and wzt. From the alignment analysis for the wzm-wzt region, two different potential recombination sites were found; one was at the 613th nucleotide of wzm and the other was at the 108th nucleotide of wzt (Fig. 1) .
PCR-RFLP analysis of the manB-wbdC region from E. coli O9, E. coli O9a, and Klebsiella O3 serotype strains. As described above, the insertion of the region from wzt to the 5Ј half of wbdC of Klebsiella O3 into an ancestor of E. coli O9a strains was suggested. In order to study the homology of the region, the digestion patterns of the regions in the different serotypes were compared by PCR-RFLP. PCR-amplified fragments of the manB-wbdC region in E. coli Bi316-42 and H509d serotype O9, E. coli N24c and F379 serotype O9a, and Klebsiella K49S and K53 serotype O3 were digested by seven restriction enzymes, i.e., BamHI, NheI, SacI, SalI, SmaI, StuI, and XhoI, and their fragment lengths were analyzed by agarose gel electrophoresis. When digested by BamHI, SacI, or SalI, all strains tested exhibited the same digest pattern upon electrophoresis. Digestion with the other enzymes, except for SmaI, caused the same electrophoretic pattern in E. coli O9a and Klebsiella O3 strains, as predicted from the nucleotide sequence of the wb* gene cluster of E. coli F719 serotype O9a, whereas it caused a different pattern in E. coli O9 strains (Fig.  1) . Thus, PCR-RFLP analysis demonstrated that the region from wzt to the 5Ј half of wbdC in E. coli O9a had higher homology to that in Klebsiella O3 than to that in E. coli O9. This finding strongly supported the hypothesis that the region from wzt to the 5Ј half of wbdC in E. coli O9a is derived from Klebsiella O3, not from E. coli O9.
Conclusions. In this study we have demonstrated that the nucleotide sequence of the region from wzt to the 5Ј half of wbdC in E. coli O9a, which covers about two-thirds of the E. coli O9a wb* gene cluster, has a higher homology to that in Klebsiella O3 than to that in E. coli O9. Breakpoints were found in the wbdC gene and in the wzm or wzt gene. These findings suggested that the region from wzt to the 5Ј half of wbdC in E. coli O9a might have been transferred from a certain Klebsiella O3 strain through recombination. This insertion might have produced a new O9a serotype in E. coli.
Different breakpoints were found in the connecting region between the wzm and wzt genes in two E. coli O9a strains, although putative recombination breakpoints in wbdC genes of four E. coli O9a strains were present at the same site. This might indicate that another recombination event had occurred in the wzm and wzt genes of E. coli O9a strains after the insertion of the wb* gene cluster of Klebsiella O3. Since these two E. coli O9a strains originally expressed group IA K antigen, these recombinations might cause the polymorphism in the chromosomal gnd-wb* region that was reported by Drummelsmith et al. (1) .
Nucleotide sequence accession numbers. The nucleotide sequence data reported in this paper will appear in the DDBJ, EMBL, and GenBank nucleotide sequence databases under accession no. AB000126, AB010150, AB009319 to AB009334, and AB010293 to AB010296.
